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ABSTRACT 


In  a  continuing  effort  to  establish  mechanisms  of  failure  in  ceramic 
dielectrics,  this  program  has  reached  the  point  where  significant  results  are 
being  obtained  in  the  degradation  studies.  In  these  studies  ceramic  specimens 
were  subjected  to  high  dc  field  (significantly  lower  than  the  dielectric  strength), 
and  the  volume  resistivity  was  measured  as  a  function  of  time  for  over  100  hours. 
The  changes  of  dielectric  constant  and  tan  6  as  a  result  of  the  dc  field  exposure 
were  also  determined. 

Attempts  were  made  to  correlate  results  of  these  degradation  studies  with 
composition,  grain  size,  and  with  n-  or  p-type  off-valency  additives.  The  zir- 
conates  as  a  class  suffered  far  less  degradation  than  the  titanates.  In  fact  all 
zirconates  tested  so  far  have  had  increasing  volume  resistivity  with  exposure 
time  for  the  period  of  these  tests.  Preliminary  results  indicate  that  n-type 
additives  are  beneficial,  p-type  deleterious.  This  may,  however,  be  dependent 
on  the  base  material.  No  correlation  with  grain  size  has  been  noted  so  far. 

Relatively  little  ceramic  preparation  was  undertaken  during  this  quarter. 
Permittivity-temperature  data  are,  however,  shown  for  several  new  composi¬ 
tions. 


Approved 
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I.  DEGRADATION  STUDIES 

In  work  reported  previously  under  this  contract  several  perovskite  compo¬ 
sitions  were  prepared.  With  perovskite  materials  (ABOg)  the  A -position  may  be 

filled  by  a  positive  ion  of  large  ionic  radius,  the  B-position  by  a  positive  ion 

2+  2+  2^“ 

whose  radius  is  30  to  40%  smaller.  Pb  ,  Ba  ,  and  Sr  are  A -position  ele- 
4+  4+ 

ments,  and  Ti  and  Zr  are  B-position  elements  used  in  this  work.  The  lead 

ion  provides  high  polarizability,  hence  leads  in  general  to  stronger  ferroelectric 
2+  2+ 

interaction  than  Sr  or  Ba  The  higher  volatility  of  lead  at  the  firing  tempera- 

5+  3+ 

ture  provides  more  ready  approach  to  chemical  equilibrium.  Nb  and  Sc 

which  from  size  considerations  fit  into  the  B-position,  have  been  used  to  modify 

5+  3+ 

the  basic  materials.  Nb  acts  as  an  electron  donor.  Sc  as  an  acceptor.  If 

the  unmodified  ceramic  is  p-type,  as  is  usually  the  case,  the  donor  tends  to 

raise  the  volume  resistivity  by  a  compensation  process.  Similar  considerations 

5+ 

hold  for  n-type  base  ceramic  doped  with  an  acceptor.  The  addition  of  Nb  or 
3+ 

Sc  profoundly  affects  the  dielectric  properties  of  the  base  materials  as  well,  as 

has  been  noted  for  off-valency  additions  to  piezoelectric  lead  titanate  zirconate 
(12  3) 

ceramics,  ’  ’  and  in  previous  reports  under  this  contract. 

In  work  reported  here  an  attempt  is  made  to  correlate  results  of  degrada¬ 
tion  studies  with  A-  and  B-position  elements,  and  n-  and  p-type  additives.  Here- 

5+ 

tofore  in  this  work  it  has  been  noted  that  Nb  (n-type  doping)  substantially 

increases  volume  resistivity  for  all  lead- containing  ceramics  with  the  possible 

exception  of  lead  zirconate.  In  general  the  volume  resistivities  of  undoped  zir- 

conates  are  substantially  higher  than  for  the  undoped  titanates,  presumably  be- 
4+  4+ 

cause  Ti  is  more  easily  reduced  than  is  Zr  Any  attempt  to  correlate  results 
of  degradation  studies  with  chemical  composition  must  be  made  with  the  effects  of 
composition  on  volume  resistivity  in  mind. 

The  primary  interest  in  this  work  is  degradation  which  occurs  upon  ex¬ 
posure  to  relatively  high  electric  stress  substantially  below  the  dielectric  strength. 

F.  Kulcsar,  J  Am.  Cer.  Soc.  343  (1959). 

R.  Gerson,  J.  Appl  Phys.  31,  188  (1960). 

H.  Jaffe,  Proc.  Inst.  Elect.  Eng.  1^,  Part  B.  ,  Supp.  22,  351  (1962). 
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This  type  of  degradation  is  primarily  electrochemical,  and  results  in  reduced 
volume  Resistivity  and  permittivity  (hence  reduced  time  constant,  pc).  The  rate 
of  degradation  of  commercial  capacitors  operating  at  rated  electric  stress  is  slow 
enough  to  make  laboratory  testing  inconvenient.  The  usual  approach  under  these 
circumstances  is  to  accelerate  the  test  either  by  increasing  the  electric  stress  or 
by  raising  the  temperature.  These  deviations  from  normal  conditions  may,  how¬ 
ever,  introduce  new  deterioration  mechanisms.  The  approach  chosen  in  this  work 
is  to  make  tests  at  one  or  several  elevated  temperatures  in  the  hope  that  results 
may  be  extrapolated  to  the  design  temperature.  An  attempt  will  be  made  to 
correlate  results  of  the  degradation  tests  with  other  properties,  such  as  dielectric 
strength,  volume  resistivity,  and  grain  size. 

Test  specimens  as  fired  are  about  3/4**  in  diameter  by  0.  040  to  0.  060*' 
thick.  For  degradation  studies  the  specimens  are  lapped  to  0.010**  thickness  in 
two  stages  of  lapping  with  silicon  carbide  grit.  Then  discs  of  6  mm  diameter  are 
cut  from  the  larger  discs  with  an  ultrasonic  impact  grinder.  Gold  electrodes 
about  4  mm  in  diameter  are  then  applied.  The  electrode  material  is  duPont  3N 
gold  paste  baked  on  at  600®C  for  about  one  hour.  Gold  is  thought  to  be  a  superior 
material  in  comparison,  for  instance,  with  silver,  since  electrochemical  effects 
involving  the  electrode  may  be  an  important  factor  in  these  tests. 

The  circuit  used  in  the  degradation  studies  is  shown  in  Figure  1.  The 
power  supply  is  the  Lambda  Model  71  Regulated  Power  Supply.  R2  is  a  two-watt 
potentiometer  whose  resistance  is  about  0.  5  megohm.  The  power  dissipated  in 
Rg  is  therefore  less  than  0.  5  watts  with  500  volts  input.  R2  is  set  so  that  the 
tapped  output  is  250  volts,  thus  providing  an  electric  field  of  10  kv/cm  across  the 
test  specimen.  R^  is  a  current-metering  resistance  for  determination  of  the 
current  through  the  test  specimen.  Its  value  is  chosen  such  that  the  voltage  drop 
across  it  is  less  than  2.  5  volts.  With  this  arrangement  the  power  supply  would 
not  be  overloaded  in  case  the  test  specimen  should  suffer  dielectric  failure,  and 
in  such  case  the  power  dissipation  in  the  upper  half  of  R2  would  reach  only  one 
watt. 

E.  I.  duPont  de  Nemours  Co  ,  Wilmington  98,  Delaware. 


2 


CLEVITE  CORPORATION 


ELECTRONIC  RESEARCH  DIVISION 


The  resistance  of  the  test  specimen  Rrpg 


is  given  by: 


R 


TS 


and  V2  are  measured  with  Keithley  Model  610  and  210  electrometers 
respectively.  In  nearly  all  instances  the  point  (a)  is  grounded. 

Potentiometer  Rg  and  metering  resistance  Rj  are  mounted  on  an  insu¬ 
lated  panel.  The  test  specimen  is  placed  in  a  furnace,  the  Hevi-Duty  type  051. 
Points  a  and  b  are  accessible  on  the  lucite  panel. 

A  diagram  of  the  experimental  arrangement  for  holding  test  specimens  in 
the  furnace  is  shown  in  Figure  2.  Electrical  connection  to  the  test  specimens  is 
made  via  the  silver  rods  A.  The  lower  ends  of  these  rods  are  coated  with  duPont 
3N  gold  paste  to  prevent  formation  of  oxide  layers.  The  upper  ends  of  the  rods 
are  connected  to  the  respective  resistances  R^^  by  alligator  clipped  fine  wire 
(phonograph  pickup  arm  cable).  The  plates  and  Bg  were  fabricated  from  boron 
nitride  in  order  to  prevent  leakage  currents  between  the  silver  rods  A.  The 
thermal  insulation  inside  the  furnace  door  was  removed  around  the  alumina  tubes 
F,  also  to  prevent  leakage  currents.  The  sole  function  of  the  alumina  connecting 
rods  E  is  to  support  plate  H,  which  holds  the  test  specimens.  In  one  experimental 
set-up  plate  H  is  silver  and  is  coated  with  duPont  3N  gold  paste.  In  the  other, 
presently  being  completed,  plate  H  is  gold  with  a  stainless  steel  plate  underneath 
for  support. 

The  volume  resistivity  at  230®C  with  an  electric  field  of  10  kv/cm  main¬ 
tained  is  shown  as  a  function  of  the  log  of  time  in  Figures  3  through  10  and  in 
Figure  24  of  Quarterly  Technical  Note  No.  2.  The  various  compositions  may  be 
classified  in  three  categories:  a)  those  whose  volume  resistivity  increased  with 
time  during  the  period  of  these  tests  (generally  100  to  250  hours),  b)  those  whose 
volume  resistivity  was  virtually  unchanged  during  the  period  of  the  tests,  and 
c)  those  whose  volume  resistivity  decreased  during  the  period  of  the  tests.  Table 
I  classifies  the  various  compositions  with  respect  to  their  behavior,  and  gives  the 
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Table  I.  Classification  of  Compositions  with  Respect  to  Their 
Behavior  During  Degradation  Tests 
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ratio  of  volume  resistivity  after  life  test  to  before  life  test  measured  at  230‘’C 
with  electric  field  maintained  at  10  kv/cm.  The  table  also  lists  values  of  f/f 

o 

and  tan  6 before  and  after  the  life  test  measured  at  25®C  and  one  mcps  with  an 
electric  field  of  about  1  volt/mm. 

Behavior  of  the  zirconates  and  titanates  is  quite  different,  the  former  all 

increasing  in  resistivity  during  the  life  test  here  described,  the  latter  generally 

decreasing.  Behavior  with  respect  to  changes  in  tan  6  and  dielectric  constant 

are  not  correlated  so  neatly.  One  would  expect  degradation  to  be  less  severe 

with  materials  having  high  initial  values  of  volume  resistivity,  but  this  has  not 

followed  consistently  in  this  work.  One  might  also  expect  dielectric  degradation 

to  be  most  severe  with  high  dielectric  constant  materials,  and  this  is  generally 

true.  There  are  some  exceptions  in  this  work,  however  (Table  I). 

One  is,  of  course,  concerned  not  only  with  the  overall  effects  of  the  life 

test  on  the  volume  resistivity  and  dielectric  constant,  but  also  with  the  actual 

final  values.  For  instance,  the  volume  resistivity  of  Pb^  0QBaQ  ^^ZrOg  increased 

by  a  factor  of  12  compared  to  an  increase  of  only  4  for  the  same  composition  with 
5+ 

Nb  .  The  final  value  for  the  latter,  however,  was  over  three  orders  of  magni¬ 
tude  higher  than  that  of  the  former. 

On  the  basis  of  relatively  little  evidence  so  far  it  appears  that  2  atom  % 

3+ 

Sc  in  the  B-position  of  Pb^  5qSj'q  speeds  the  degradation  process,  while 

2  atom  %  Nb^^  also  in  the  B-position  inhibits  the  process.  In  the  latter  case, 

however,  it  appears  that  the  initial  value  was  anomalously  low.  At  low  electric 

field  the  230*0  value  of  the  volume  resistivity  for  this  composition  is  about  100 

times  higher  (Figure  2,  Quarterly  Technical  Note  No.  2). 

Probably  the  most  remarkable  composition  studied  to  this  point  is 

5+ 

Pbg  60®^0  40^’'^3  ^  atom  %  Nb  Here  the  initial  and  final  values  of 

volume  resistivity  measured  at  230®C  with  an  electric  field  10  kv/cm  were 
12  12 

2  X  10  and  8  x  10  ohm  cm  respectively.  The  time  constant  (p€)  after  the 
life  test  was  400  seconds  at  230°C. 

It  is,  of  course,  clear  that  improvement  in  volume  resistivity  under  high 
dc  electric  fields  will  not  continue  indefinitely.  The  data  in  Figures  3  through  5 
indicate  a  tendency  toward  saturation,  but  it  appears  that  the  time  necessary  may 
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be  more  than  1000  hours.  It  is  not  possible  at  this  time  to  predict  behavior  after 

saturation;  there  may  be  a  gradual  but  accelerating  degradation,  or  degradation 

may  come  very  rapidly.  The  data  in  Figures  9  and  10,  obtained  on  titanates 

suffering  degradation  from  the  very  beginning  of  the  tests,  indicate  an  accelerat- 

3+ 

ing  degradation.  The  composition  with  Sc  (Figure  10)  was  very  close  to  failure 
after  only  seven  hours. 

(4) 

Lehovec  and  Shim  studied  degradation  of  barium  titanate  with  sufficient 
calcium  zirconate  to  reduce  the  Curie  point  to  about  35®C.  They  found  that  at 
temperatures  between  250  and  300®C  and  with  electric  field  in  the  range  2  to  6  kv/cm 
the  current  increased  initially,  decreased  for  a  time,  and  then  increased  again. 

They  studied  the  potential  distribution  during  this  period  and  concluded  that  there 
was  first  injection  of  a  high  conductivity  region  from  the  cathode  and  then  injec¬ 
tion  of  a  low  conductivity  region  from  the  anode.  They  postulated  that  this  low 
conductivity  region  traveled  to  the  cathode,  and  that  the  resulting  high  electric 
field  at  the  cathode  caused  renewed  injection  of  high  conductivity  from  the  cathode. 

In  this  work  results  have  not  in  general  been  similar  to  those  of  Lehovec 
and  Shim.  It  is  possible  that  this  may  be  due  at  least  partly  to  use  of  a  different 
electrode  material,  gold  in  this  work  and  Aquadag  in  the  work  of  reference  (4). 

The  geometry  of  test  specimens  was  also  quite  different,  with  end-electroded 
bars  used  in  the  work  of  reference  (4). 

In  another  respect  this  work  and  that  of  reference  (4)  are  in  agreement. 

It  was  noted  in  reference  (4)  that  the  layers  of  different  resistivity  have  character¬ 
istic  color  differences,  and  these  color  differences  have  been  noted  also  in  this 
work.  In  the  work  of  reference  (4)  it  was  postulated  that  the  high  conductivity 
region  is  related  not  only  to  injection  of  electrons  at  the  cathode,  but  also  to  an 
increase  in  oxygen  vacancies. 

An  attempt  was  made  to  correlate  the  photomicrographs  shown  in 
Quarterly  Technical  Note  No.  2  with  behavior  summarized  in  Figures  3  through 
10  and  Table  I.  Ranges  of  grain  sizes  are  listed  in  Table  I,  and  it  is  readily 
noted  that  there  is  apparently  no  correlation.  The  best  composition  tested  to 

m - 

'  '  K.  Lehovec  and  G.  A.  Shim,  J.  Appl.  Phys.  2036  (1962). 
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5+ 

date,  Pbg  0o®^O  40^^ 3  ^  atom  %  Nb  ,  has  a  fairly  high  proportion 

of  very  large  grains  and  relatively  small  grains  (Figure  16  of  Quarterly  Techni¬ 
cal  Note  No.  2),  however,  and  this  may  be  significant. 

II.  PERMITTIVITY -TEMPERATURE  CURVES 

Permittivity-temperature  curves  prepared  during  this  period  are  shown 

in  Figures  11  through  13.  It  may  be  of  some  interest  to  note  that  PbZrO„  with 
5+ 

2  atom  %  Nb  has  a  peak  permittivity  of  about  10,000  and  it  is  ferroelectric 

just  below  the  Curie  point.  Plain  PbZrOg  has  a  peak  permittivity  of  about  6,000 

(Figure  4  of  Quarterly  Technical  Note  No.  1),  and  it  is  antiferroelectric  just 

3+ 

below  the  Curie  point.  With  Sc  the  peak  permittivity  is  only  3300,  indicating 

3+  4+  3+ 

that  Sc  in  place  of  Zr  encourages  antiferroelectricity;  i.e.  ,  with  Sc  the 

difference  in  free  energy  between  the  ferroelectric  and  antiferroelectric  states 

is  increased. 

III.  FUTURE  PLANS 

Degradation  studies  will  be  continued  and  extended  to  include  different 
compositions.  For  promising  materials  the  tests  may  be  continued  to  longer 
periods,  and  tests  may  be  repeated  at  several  temperatures.  Further  attempts 
will  be  made  to  correlate  other  physical  properties  to  results  of  the  degradation 
studies. 
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